This article discusses statistical considerations for the design of a new study intended to provide an International Growth Standard for Preadolescent and Adolescent Children, including issues such as cross-sectional, longitudinal, and mixed designs; sample-size derivation for the number of populations and number of children per population; modeling of growth centiles of height, weight, and other measurements; and modeling of the adolescent growth spurt. The conclusions are that a mixed longitudinal design will provide information on both growth distance and velocity; samples of children from 5 to 10 sites should be suitable for an international standard (based on political rather than statistical arguments); the samples should be broadly uniform across age but oversampled during puberty, and should include data into adulthood. The LMS method is recommended for constructing measurement centiles, and parametric or semiparametric approaches are available to estimate the timing of the adolescent growth spurt in individuals. If the new standard is to be grafted onto the 2006 World Health Organization (WHO) reference, caution is needed at the join point of 5 years, where children from the new standard are likely to be appreciably more obese than those from the WHO reference, due to the rising trends in obesity and the time gap in data collection between the two surveys.
Introduction
The World Health Organization (WHO) Multicentre Growth Reference Study (MGRS) has been progressing since 1999 [1] , and the first charts resulting from the study were published in April 2006. The study has involved infants followed longitudinally from birth to 24 months and children sampled cross-sectionally between 18 and 71 months, from six sites across the world. Strict inclusion criteria have ensured that the infants, and to a lesser extent the children, have experienced unconstrained growth. The charts constitute an international growth standard covering the age range from birth to 5 years (see http://www.who. int/childgrowth/en/).
The international growth standard for preadolescent and adolescent children is now proposed to extend the WHO MGRS from 5 years through to puberty and beyond. For the purposes of this article, the philosophy of the international growth standard for preadolescent and adolescent children is assumed to match that of the MGRS, i.e., prescriptive subject selection to provide a standard for growth. However, several important aspects of the study design remain to be decided, including the upper end of the age range and whether to focus on cross-sectional (distance) or longitudinal (velocity) data.
Cross-sectional, longitudinal, and mixed designs
The first question to consider is whether to collect information cross-sectionally or longitudinally. A cross-sectional design involves measuring children on a single occasion, whereas a longitudinal design follows children over time and measures them repeatedly. A mixed longitudinal design combines features of both cross-sectional and longitudinal designs, measuring some children once and others more than once. A cross-sectional design estimates growth distance (i.e., size), whereas longitudinal or mixed longitudinal designs provide information on both growth distance and growth velocity. 
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Most current national growth references, such as the US Centers for Disease Control and Prevention (CDC) 2000 [2] , British 1990 [3] , and Dutch [4] references, are based on cross-sectional data. However, in the past, longitudinal growth studies, such as the French [5] and British [6, 7] studies, recruited children at birth and followed them through to maturity. In general, a longitudinal study needs to follow the same subjects throughout the age range of interest, which implies a study period of 10 years or more in the present context. However, depending on the time interval over which velocity is to be measured, a mixed design can reduce this period substantially. Velocity in childhood is typically measured over 1 year [6, 7] , so that after an initial cross-sectional survey, the required longitudinal information can be obtained by remeasuring a fraction of the original sample 1 year later. A new cross-sectional sample can also be measured on the second occasion if required. This means that conducting two surveys one year apart permits the estimation of both distance and annual velocity throughout the age range.
More extended estimates of velocity inevitably require a longer period of follow-up for each individual. If, for example, the pubertal growth spurt is of interest, then each subject will need to be followed for a minimum of 4 years in order to capture the start, middle, and end of his or her own height velocity curve. This method, coupled with the 2-to 3-year population variability in the timing of the growth spurt, implies use of a longitudinal survey covering 6 to 7 years, clearly a radically different design from a mixed longitudinal survey consisting of two measurements 1 year apart.
Another important consideration when choosing among the various designs is cost. The costs of the designs depend on three factors, which can be summarized as recruitment, retention, and measurement. Recruitment involves identifying suitable subjects for the study and persuading them to take part. The corresponding cost per recruit depends on the time required, which in turn depends on the sampling fraction, i.e., the sample size required relative to the available population. Retention involves maintaining contact with previously recruited subjects and retaining highly trained and hence valuable staff in employment. Retention of subjects is important only for longitudinal studies. Measurement is the process of visiting and measuring children, and the cost of each measurement is the same whether the design is cross-sectional or longitudinal.
The relative costs of the cross-sectional and longitudinal designs depend on the relative costs of recruitment and retention. For a given number of child-measurement occasions, recruitment costs are minimized with a longitudinal design as the number of subjects is minimized, whereas retention costs in a longitudinal design are minimized if staff numbers are minimized. Elapsed time is a distinct resource that impacts directly on cost. A cross-sectional design is completed more quickly than a mixed longitudinal design, which is in turn more quickly completed than a longitudinal design.
Thus, the issues determining which design to use depend on the uses to which the reference is to be put, in particular the priority attached to assessing velocity (in addition to distance) and the time period over which to measure it; and the time and cost resources likely to be available for data collection.
A document produced for the MGRS discusses these issues in more detail and concludes that generally, and more particularly when recruitment costs are high, a mixed longitudinal design is preferable to a crosssectional design.* A longitudinal design is much more expensive than a mixed design and is probably not suitable for the present purposes.
Sample-size derivation for number of populations and number of children within each population
The prescriptive form of growth standard proposed for use here is fundamentally different from the usual growth reference. The conventional approach is to obtain a sample of children representative of the country or region of interest, where the key issue is representativeness via randomization (subject to mild exclusion criteria). The proposed prescriptive growth standard involves identifying a sample of countries that is, in some sense, representative of all countries and then drawing samples of children from each country that are broadly representative of their country, but subject to more stringent inclusion and exclusion criteria to oversample those who have experienced unconstrained growth.
Thus, there are two distinct design questions to address: How many children per country should be sampled? How many countries should be sampled? The question "Should sample size vary from country to country?" might be justified if larger countries were to provide larger samples, e.g., with sample size weighted by population size, so that the sample reflected, to some degree, the global population. However, formal representativeness of the global population is not a requirement of the standard, so this question is not pursued further here. Instead it is argued that sample size should, by symmetry, be constant across countries. This means that the first question can be rephrased as "How many children overall?" The number of children divided by the number of countries gives the number of children per country.
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How many children overall?
At present, no satisfactory statistical basis is used for determining sample size in growth surveys. A common rule of thumb, which was used in the MGRS, is 50 or 100 or 200 subjects per age group. Each site planned to measure 70 subjects every 3 months longitudinally, and the same density of 70 measurements per 3 months defined the sample size for the 18-to 71-month crosssectional survey. Increasing this number to 78 to cover for refusals and dropouts gave a total of 78 × 54/3 = 1,400 cross-sectional subjects per site. With a total of six sites, this gave an overall sample size of 78 × 6 = 468 longitudinally and 1,400 × 6 = 8,400 cross-sectionally. The latter number corresponds to 210 subjects of each sex per 3 months of age. (In practice, the numbers of subjects recruited were considerably larger than this, to protect against dropouts.)
The problem with this rule of thumb is that the width of the age group is not specified. Instead of 3 months, the measurement age could be 1 week or 1 year, which would imply a sample size either 13 times larger or 4 times smaller. Furthermore, cross-sectional surveys generally do not rely on recruitment to narrow age groups. Instead, children are recruited across a wide age band, and within the band the ages are assumed to be approximately uniformly distributed. Modern statistical techniques for constructing growth standards can deal with data at the exact age of measurement and do not require them to be grouped.
The assumption at present is that the data are analyzed in age groups. Within each group, the measurement distribution can be summarized as the mean µ and standard deviation σ, and assuming a normal distribution, each required centile is calculated as µ + zσ, where z is the z-score (or normal equivalent deviate) corresponding to the particular centile. The precision of the centile estimate depends on three things: the precision of the mean µ, the precision of the standard deviation σ, and z. These are combined in the following formula: [8] (1)
where SE is the standard error and n the sample size. This shows that the most precise centile is the mean where z = 0 (which is also the median for normally distributed data). Here the standard error is σ / √n. Extreme centiles are less precise; for example, the standard error for the 2nd centile, where z = -2, is  √3 times or 70% larger than for the median.
Alternatively, the standard error can be expressed as a percentage of the mean µ, as follows:
Here the %SE for the mean is 100σ /µ / √n .
Equation (1) shows that the precision of the centile depends on the ratio σ / √n , where σ varies with age. This ratio can be made constant across age groups by ensuring that n is proportional to σ 2 . Thus, at ages at which the variability is increased, notably in puberty, n needs to be increased appropriately to compensate [9] .
Alternatively, if the percentage error is to be kept constant, as in equation (2), which is in many respects a better strategy, then the key ratio is σ /µ / √n , where σ /µ is the population coefficient of variation (CV) or proportional standard deviation. For weight and height, the CV, like the SD, peaks in puberty, and for a constant %SE the sample size should be chosen to be proportional to CV 2 . As an example, growth references based on the LMS method (discussed later) estimate the population CV as the quantity S. In the British 1990 reference, the S value for weight at the age of 5 years was 0.12 (12%) in boys and 13% in girls, rising to 18% in boys at 14 and 19% in girls at 11 years. With sample size proportional to S 2 , this implies sampling more than twice as many subjects at the peak of puberty than at age 5.
Two other important features of growth standard data also need to be considered. The first is the smoothing that takes place across age. The means and standard deviations µ and σ by age group are plotted against mean age, and smooth curves are drawn through them. This process "borrows strength" from neighboring age groups, so that the standard errors of µ and σ for a particular age group are shrunk and the centile standard errors are smaller than predicted by equation (1). This increase in precision can be thought of as an effective increase in sample size, by up to three times [10] .
The standard error is greatest at the extremes of age, and it can be reduced in two ways: either by oversampling the youngest and oldest age groups, or by sampling outside the intended age range. For example, if the reference is to cover the age range from 5 to 20 years, then including data from 4 to 22 years will make the centile estimates at the ages of 5 and 20 much more precise.
The discussion so far has also ignored the possible longitudinal nature of the data. Assume that the study uses a mixed longitudinal design in which some subjects are measured more than once, and that one purpose of the reference is to estimate velocity v. This is defined as the rate of change of the measurement, so v = (b -a)/∆t where a and b are the two measurements and ∆t is the time interval between them. Assume that a and b have the same variance σ 2 , then the standard error of mean velocity is given by (3) where n is the sample size and r the correlation between a and b. The standard error is inversely related to σ / √n, as before, but now it also depends on the correlation Statistical considerations of international growth standards S240 coefficient r and the time interval ∆t . To achieve a given precision for the velocity, the correlation between measurements needs to be taken into account. For example, the correlation between heights measured 1 year apart exceeds 0.98 at 5 years [11] but is only about 0.9 during puberty. This implies that for children during puberty, a sample size n more than four times greater than that for children at age 5 would be required to ensure the same standard error for the mean annual velocity.
The dependence of the velocity precision on ∆t in equation (3) has design implications. If velocity measurements from different subjects are to be equally informative, the value of equation (3) needs to be constant from child to child. This means either that ∆t should be constant, i.e., that all children are measured at exactly the same ages (not easy to do in practice), or that individual estimates of velocity should be weighted inversely as their variance, i.e., by ∆t 2 , to compensate for differences in ∆t.
To summarize, the precision of distance centiles involves the size of the group and the population variance, whereas for velocity centiles the age-on-age correlation and time interval between measurements are also important. Because of the extra variability in growth at puberty, the sample size requirements to achieve a given size of standard error are considerably increased at this time, by a factor of four or more. Peak height velocity (PHV) occurs at about the age of 12 in girls and 14 in boys, so in addition to analyzing the sexes separately, which is clearly necessary, it may also be optimal to have different age profiles for the sample size by sex. This is a simple summary of a complex situation. Cole and Frongillo* have considered it in more detail, covering acceleration in addition to velocity and distance, and they conclude that the mixed longitudinal design is a good compromise in terms of precision for estimating distance and velocity.
The focus so far has been on distance in narrow age groups or velocity over short periods of time. In practice, though, the fitting of growth standards involves estimating smooth curves that cover the whole age range of the study. The LMS (lambda-mu-sigma) method, for example, is used to construct distance centiles, and it estimates the age-changing distribution of the measurement in terms of its median M, coefficient of variation S, and skewness L (Box-Cox power to transform to normality), each represented as a cubic smoothing spline curve plotted against age estimated by penalized maximum likelihood [12] . The LMS method is an extension of the normal distribution model of equation (1) to a model that includes an adjustment for skewness. This is valuable for measurements such as weight and body mass index (BMI) where the distribution is markedly skewed.
The complexity of the shape of each estimated curve in the LMS method depends on the particular measurement and the age range of the data, so that median height from birth to adulthood is a more complex curve shape than, for instance, median skinfold thickness from 5 to 10 years. The greater the complexity of the curve, the greater the sample size required to estimate it with adequate precision. Pan and Cole [13] recently considered issues of curve complexity when fitting the LMS method. They used as their example data from the Third Nationwide Dutch Growth Survey, a sample of 20,000 heights and weights for each sex from birth to 20 years [14] , but they also considered a random 10% subsample of 2,000 for comparison purposes. This corresponds to a sample density of 250 for each sex per 3 months reduced to just 25 for each sex per 3 months (as against the nominal figure of 78 for each sex per 3 months used in the MGRS). They found that reducing the sample size by a factor of 10 made remarkably little difference to the estimated L, M, and S curves, implying that the original survey had been larger than necessary and hence overpowered. Bearing in mind that the age range being discussed for the international growth standard for preadolescent and adolescent children is narrower than the Dutch survey's range of 0 to 20 years, the implication is that a total sample size of less than 2,000 for each sex should be sufficient.
How many countries?
The choice of the number of countries depends, like the choice of the number of children, on the research questions to be asked and the resources available. The possible number of countries to include varies from one (which equates to a conventional national reference) to all countries (approximately 200). Other things being equal, the total cost rises steeply with the number of countries included, an argument for a fairly small number of countries. On the other hand, if the aim is to quantify intercountry differences, then a relatively large number of countries is needed. In practice, the political imperative is to include sufficient countries for the standard to claim international representativeness, which can probably be achieved with fewer than 10 suitably chosen countries.
A statistical case can be made to justify a given number of countries, predicated on the precision of the intercountry differences. But this implies that the aim of the study is to estimate intercountry differences, and in the MGRS this was not the case. The assumption has been that, by sampling children of high socioeconomic status in each country, the children can be made relatively homogeneous across countries and the intercountry differences minimal, obviating the need to make formal comparisons.
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Ultimately, the number of countries to sample is a political rather than a statistical issue. But a number between 5 and 10 is likely to prove suitable.
Growth parameters of height, weight, and other measurements
The cross-sectional age-related frequency distribution of anthropometric characteristics (including height, weight, BMI, and skinfolds, among others) can be estimated by using techniques like the LMS method [12] or the EN (exponential-normal) method [15] , which summarize the distribution in terms of age-changing curves representing the median, coefficient of variation, and transformation required to adjust for skewness. These methods offer several advantages over previous statistical approaches to growth curve construction: » They summarize the distribution in terms of its agerelated moments, the mean, variance, skewness, etc., which apply across the age range and so "borrow strength" from nearby data; » The incorporation of a skewness adjustment allows for measurements such as BMI or skinfolds to be modeled, which in the past posed problems because of their skew distributions; » The LMS method uses cubic smoothing splines for the curve-fitting, which are simple to fit and yet allow for considerable complexity in curve shape; » The moment curves allow any required centile curves to be calculated, which can be extrapolated into the tails of the distribution, providing, for example, curves as extreme as -3 or +3 z-scores, corresponding to the 0.1th and 99.9th centiles; » Dedicated software exists for fitting the LMS method, for both statistical specialists and nonspecialists. The foregoing applies mainly to distance standards, i.e., based on cross-sectional data, and it can be applied equally to velocity standards based on longitudinal data. However, conventional velocity standards suffer from two important problems that are not widely acknowledged: » Using the velocity standard more than doubles the amount of work required to assess an individual's growth curve. Two charts, one for velocity and one for distance, are needed rather than one, and the velocities need to be calculated from the individual measurements to plot them on the velocity chart; » Velocity needs to be adjusted for regression to the mean; on average, a subject's second measurement is less extreme than the first (it has "regressed toward the mean") so that small children grow faster than large children on average [16] . The assessment needs to take this into account.
There is an alternative approach to the construction of velocity standards that directly addresses these concerns. It exploits the idea of velocity as "centile crossing" on the chart, where normal or median growth is seen as tracking along the centiles, whereas growing faster or slower than median growth is upward or downward centile crossing. A given rate of centile crossing then corresponds to a particular velocity centile, and this can be represented on the chart by a set of "thrive" lines, analogous to centile lines, which demonstrate the required degree of centile crossing. A child whose growth curve tracks along these thrive lines (so called because they test for failure to thrive) is then growing on the specified velocity centile [17, 18] .
The thrive-line approach to growth velocity avoids the need for a velocity chart, since the thrive-line information is provided on a transparent overlay to place on the distance chart. The thrive lines correspond to a particular centile over a specified time period, e.g., the 5th weight velocity centile over a 4-week period [18] . The thrive lines also incorporate an adjustment for regression to the mean, which addresses the second of the two concerns above. The algebra underlying the thrive lines is actually very simple, and they depend only on the correlation structure between measurements at a series of ages [18] .
The choice of anthropometric characteristics should obviously include height, weight, and hence BMI. Skinfolds provide information on fat content and fat distribution, but waist circumference is probably a better source of such information because it is easier to measure. Another approach to consider is the measuring of bioelectrical impedance, which is a proxy for lean mass and thus can be used to adjust BMI for lean mass, providing a more direct measure of fat mass than BMI itself [19] .
Modeling of the adolescent growth spurt
The adolescent growth spurt is seen most clearly with height and weight. The growth velocity in individual children rises from a low point just before adolescence to a peak at a mean age of approximately 12 in girls and 2 years later in boys, then falls equally rapidly to zero as adulthood is reached. The timing of this growth spurt varies from child to child, with a standard deviation of about 1 year, reflecting the individual tempo of growth, with the result that data collected cross-sectionally blur the form of the growth spurt and flatten the median curve, as described originally by Merrell [20] . For this reason, Tanner produced a tempo-conditional reference that adjusted for the flattening of the median curve by representing it as the growth pattern of a child of average height, average age at PHV, and average PHV [6, 7] . There is some debate about the added value of the tempo-conditional reference as compared with a cross-sectional reference [21] .
At the individual rather than the population level, the adolescent growth spurt can be estimated by fitting either a parametric or a semiparametric model to individual growth curves. Of the various parametric models Statistical considerations of international growth standards S242 available, the most suitable for the age range from 5 to 20 years is the Preece-Baines model 1 [22] , which summarizes the growth curve in five parameters that are closely related to the biological parameters of age and height at takeoff, age and height at PHV, and adult height. It is important to note that the Preece-Baines model, like other parametric models, requires adult height to be measured for each individual to ensure a good fit to the growth curve.
An alternative is the semiparametric approach, where each individual curve is fitted as a cubic smoothing spline. The age at PHV for the individual is then obtained as the age when the first derivative of the spline curve, i.e., the height velocity curve, is at a maximum. This is a more flexible approach than the parametric model, in that a spline curve of up to 7 equivalent degrees of freedom (an indication of curve complexity) is adequate to represent all the different shapes of growth curve likely to be seen during puberty, and its first derivative follows closely the shape of the height velocity curve, particularly its peak. In addition, there is no requirement for adult height to be known.
Other modeling issues
There are two other modeling issues that need to be borne in mind, given that the new survey is intended to extend the WHO MGRS. The first issue is the need for the centiles in the two surveys to match at the age where they meet. The NCHS reference consisted of an early component based on Fels data and a later component based on National Health Examination Surveys [23] . The centiles for the two components did not match, and as a result the NCHS centiles, and the prevalences of malnutrition based on the NCHS centiles, showed a disjunction between 2 and 3 years [2] . It is very important that the model-fitting process avoid this happening with the MGRS and the International Growth Standard for Preadolescent and Adolescent Children. The best way to achieve it would be to add MGRS data for the older children to the international growth standard for preadolescent and adolescent children dataset to achieve a smooth transition between the two.
The second and related issue is the secular trend in obesity, which means that during the time interval between data collection in the two surveys, children will have become appreciably more obese. Recent data for UK children aged 5 to 10 years suggest an increase in overweight prevalence of about 1% per year between 1994 and 2003 [24] , which would translate to a difference in prevalence of 5% or more between the MGRS and the international growth standard for preadolescent and adolescent children data. Thus, the issue of a disjunction between the two surveys at age 5 is of paramount concern, since the centiles for weight and particularly BMI in the two surveys are likely to be offset to this extent.
